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ABSTRACT 

Through a photochemica l  r e a c t i o n  of n i t r o g e n  

d i o x i d e  and 2- t rans-butene ,  p e r o x y a c e t y l  n i t r a t e  

( P A N )  i s  formed, which p l a y s  an  i m p o r t a n t  r o l e  i n  

p o l l u t e d  a i r .  The decomposi t ion  of t h i s  has been 

s t u d i e d  under  two c o n d i t i o n s :  con t inued  i r r a d i a t i o n  

and i n  the absence  of f’urther i r r a d i a t i o n .  It was found 

that t h e  r a t e  of decomposi t ion  d i f f e r e d  markedly i n  

t h e s e  two c o n d i t i o n s .  D i f f e r e n t  r e a c t i o n  mechanisms a r e  

p o s t u l a t e d  to account  f o r  t h i s  d i f f e r e n c e .  



INFRARED SPECTRAL STUDIES OF PEROXYACETYL NITRATE (PAN) 

by 
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I n t r o d u c t i o n  

A i r  p o l l u t i o n  has become a s e r i o u s  problem today  

and one of t h e  f irst  tasks of t h o s e  charged  w i t h  i n -  

v e s t i g a t i o n s  i n  t h i s  area i s  to under s t and  t h e  n a t u r e  

of p o l l u t a n t s  and t h e i r  r e a c t i o n s .  A i r  p o l l u t a n t s  

such  as SO2, n i t r o g e n  o x i d e s ,  and o r g a n i c  compounds a r e  

d i r e c t l y  r e l e a s e d  i n t o  t h e  a i r  by  s e v e r a l  s o u r c e s ,  

p r i n c i p a l l y  by i n d u s t r y  and au tomobi le  t r a f f i c .  Most 

of  t h e  i m p o r t a n t  o x i d a n t s  i n  p o l l u t e d  a i r ,  however, are 

formed s u b s e q u e n t l y  by chemica l  r e a c t i o n s  which occur  

t h e r e  among t h e  pr imary  p o l l u t a n t s .  Photochemical  

r e a c t i o n s  are  p a r t i c u l a r i l y  impor t an t  i n  t h i s  c a t e g o r y .  

A s  a r e s u l t  of many i n v e s t i g a t i o n s ,  i t  i s  now w e l l  

e s t a b l i s h e d  t h a t  a photochemica l  r e a c t i o n  of NO2 and 

o r g a n i c  compounds, whereby s o l a r  energy  s u p p l i e s  t h e  

n e c e s s a r y  i r r a d i a t i o n ,  p l a y s  a n  i m p o r t a n t  r o l e  i n  p o l l u t e d  

a i r .  P r o d u c t s  formed i n  such  r e a c t i o n s  are  eye i r r i t a t i n g  

and damaging to p l a n t  l i f e .  I n  t h e  l a b o r a t o r y ,  i t  has 

been w e l l  demons t r a t ed  by i n f r a r e d  s p e c t r a l  a n a l y s i s  t ha t  

p e r o x y a c e t y l  n i t r a t e  (PAN) i s  one of t h e  more s i g n i f i c a n t  

p o l l u t a n t s  formed i n  t h i s  t y p e  of r e a c t i o n  (1, 2 ,  3 ) .  
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The present study was undertaken to extend the 

spectral range of previous studies of PAN as well as 

to determine the products of decomposition produced 

by continued irradiation and in the absence of further 

irradiation. 

Experimental Procedure 

PAN at concentrations in the parts-per-million range 

was studied in a cell of 30 m length. Pfund mirrors, 

a meter in diameter, one at each end of the cell permit 

radiation from a globar to traverse the cell three times, 

as shown schematically in Fig. 1. Relay optics were 

used to image the far Pfund mirror onto the slits of a 

Perkin-Elmer Model210B monochromator. The spectrometer 

was flushed with dry air. The signal was synchronously 

detected and amplified with a Brower Model 1 3 1  lock-in 

amplifier (4) 

The PAN was formed by irradiating 25 ppm of NO;! 

and 50 ppm of 2-trans-butene in dry air for 11 hours 

with black fluorescent lamps. Because of its relatively 

rapid reaction rate, 2-trans-butene was used as the organic 

compound for the reaction. The 2-trans-butene (research 

grade), and NO;! (of 95.5% purity) were obtained from 

J.T. Baker; and commercial dry air was the gas used 

in the experiment. 
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Before every experiment, the cell was evacuated 

to a pressure of approximately 5 microns Hg and held 

for several hours to permit degassing of unwanted 

compounds from the walls. The NO2 and 2-butene of  known 

pressures in calibrated volumes were then expanded i n t o  

the cell. Following this, dry air was added to produce 

an atmosphere total pressure in the cell. 

The spectral radiant emmission of the 24 4-ft. long 

Westinghouse BLB 40 watt Black Light Fluorescent lamps 

in the cell is shown in Fig. 2. The data were supplied 

by the manufacturer. 

The spectral region from 2 . 5 ~  (4000 em-’ ) to 40u 

(250 em’’) was scanned both before and after irradiation 

by these lamps. The decomposition of the reaction pro- 

ducts, including P A N ,  was observed by periodically recording 

the absorption in the vicinity of 8.6 and 12.6~. These 

are among the stronger absorption bands of PAN (2). 

The decomposition of P A N  was studied under two 

different conditions: first, under continued irradiation; 

second, without further irradiation. When the decomposition 

of PAN was completed, the entire spectral region from 2.5 

to 40v was monitored again. 

Results of Photooxidation 

The identified reaction products of 2-trans-butene 
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and NO2 pho toox ida t ion  are summarized i n  Table  1. 

TABLE 1 

React ion  Products  of 2-Trans-Butene 
And Ni t rogen  Dioxide Pho toox ida t ion  

Pe roxyace ty l  Ni t ra te  

Acetaldehyde 

Methyl Nitrate 

Methane 

2-Butene Ozonide 

Carbon Dioxide 

Carbon Monoxide 

Water 

Ozone was no t  d e t e c t e d ,  n e i t h e r  d u r i n g  t h e  

i r r a d i a t i o n  nor  a f t e r  i t  was completed.  Two a b s o r p t i o n  

bands (one a t  8 . 9 ~  and the  o t h e r  a t  11 .2p)have  n o t  been 

comple te ly  i d e n t i f i e d .  The band a t  1 1 . 2 ~  has been 

c o n s i s t e n t l y  observed .  I n  a d d i t i o n ,  t h e  a b s o r p t i o n  a t  

8 . 9 ~  due to ace ta ldehyde  seems to be i n  excess  of t ha t  

expec ted  by a measurement a t  3.711. Both t h e  bands a t  

8.9 and a t  1 1 . 2 ~  can be a t t i - i b u t e d  to 2-butene-ozonide 

as ozonides  are expec ted  t o  abso rb  a t  1 1 . 2  - 1 2 . 2 ~  

(C-0-0-C s t r e t c h i n g )  and a t  8.3 - 9.511 (C-0-C s t r e t c h i n g ) .  

AbSorptl.cn bands a t  8.9 and 11.21.1 were observed by o t h e r  
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i n v e s t i g a t o r s  too ( 5 ) .  

I n  t h e  wavelength  r e g i o n  from 15 t o  4 0 p ,  two new 

a b s o r p t i o n  bands (a t  16.511 and 17.2511) were obse rved .  

S i n c e  v i b r a t i o n s  of the  a c e t y l  group ( C O ,  r o c k i n g )  as 

w e l l  as o f  t h e  N O 2  g roup  (0 -N-0  bending)  are found i n  

t h i s  wavelength  r e g i o n ,  w e  a t t r i b u t e  b o t h  bands to 

PAN. The band a t  17.2511 i s  re fer red  to as t h e  CO, de- 

f o r m a t i o n ,  and t h a t  a t  1 6 . 5 ~  as  the NO2 d e f o r m a t i o n .  

Decomposition R e s u l t s  

S p e c t r a  o b t a i n e d  i n  a t y p i c a l  exper iment  (unde r  

con t inuous  i r r a d i a t i o n )  are shown i n  F i g s . 3  to 7. I n  

each  o f  t h e s e ,  t he  upper  spec t rum w a s  r eco rded  b e f o r e  

t h e  i r r a d i a t i o n  had t a k e n  p l a c e .  The n e x t  i n d i c a t e s  

t h e  p h o t o o x i d a t i o n  p r o d u c t s  a f t e r  11 h o u r s  o f  

i r r a d i a t i o n .  The t h i r d  shows t h e  r e s u l t  o f  e i g h t  days  

of i r r a d i a t i o n .  And t h e  lower  spec t rum was o b t a i n e d  

four d a y s  l a t e r ,  d u r i n g  which t i m e  t h e  i r r a d i a t i o n  

lamps were out. The s p e c t r a l  r e g i o n s  covered  i n  t h e s e  

f i g u r e s  are i n d i c a t e d  i n  e a c h  f i g u r e .  It i s  though t  

unnecessa ry  to i l l u s t r a t e  t h e  decompos i t ion  which occured 

i n  t h e  da rk ,  s i n c e  t h e  p r o d u c t s  of decompos i t ion  o b t a i n e d  

t h i s  way were l e s s  complex, as shown i n  T a b l e  2 .  
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TABLE 2 

Decomposit P r o  
Decomposition 
w i t h  I r r a d i a t i o n  

Decomposition 
in t h e  Dark 

Methyl N i t r a t e  
Methanol 
Methane 
Formic Acid 

Methyl Nitrate 

I n  a d d i t i o n ,  t he  fo rma t ion  o f  COS,  C O ,  and 
H20 was observed i n  b o t h  expe r imen t s .  The con- 
c e n t r a t i o n  of ace t a ldehyde  was found t o  remain 
c o n s t a n t  d u r i n g  t h e  decomposi t ion p e r i o d .  

S p e c t r a  t a k e n  a f t e r  e i g h t  days of cont inuous  

i r r a d i a t i o n  i n d i c a t e  t h a t  a small amount of  PAN 

p e r s i s t e d .  That o b t a i n e d  a f t e r  a comparable p e r i o d  i n  

the da rk  i n d i c a t e d  t h a t  t h e  PAN had comple te ly  decomposed. 

Besides the known a b s o r p t i o n  bands of P A N ,  which dec reased  

i n  b o t h  expe r imen t s ,  t he  bands a t  1 6 . 5 ~  and 17.25~ a l s o  

dec reased ,  l e n d i n g  f u r t h e r  c redence  t o  t h e i r  i d e n t i f i c a t i o n  

as be ing  a t t r i b u t a b l e  t o  P A N .  

I n  the experiment  i n v o l v i n g  cont inuous  i r r a d i a t i o n ,  

, which w e  

appeared .  However, 

t i o n  bands were found i n  the 

iment ,  where t h e  r e a c t i o n  t o o k  p l a c e  wi thou t  
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i r r a d i a t i o n .  T h i s  c o u l d  p o s s i b l y  be p r e d i c t e d  s i n c e  

ozonides  are  r e g a r d e d  to be i n s t a b l e  d u r i n g  pro longed  

i r r a d i a t i o n .  

The changes i n  r e l a t i v e  s t r e n g t h  w i t h  t ime o f  the 

a b s o r p t i o n  bands a t t r i b u t a b l e  t o  PAN a t  8 . 6  and 12.6~ 

a r e  shown i n  F i g s .  8 and 9 , The dashed cu rves  i n d i c a t e  

t h e  decomposi t ion  wi thou t  i r r a d i a t i o n ;  t h e  s o l i d  cu rves  

i n d i c a t e  t h e  decomposi t ion  wi th  i r r a d i a t i o n .  The 

o r d i n a t e  v a l u e s  were de t e rmined  by  measur ing  t h e  a r e a  

of t he  a b s o r p t i o n  band w i t h  a p l a n i m e t e r .  

S i g n i f i c a n t  v a r i a n c e s  between t h e  decomposi t ion  

o f  PAN under  t h e  c o n d i t i o n s  o f  t h e s e  expe r imen t s  a r e  

n o t e d .  Both o b s e r v a t i o n s  began a f t e r  a n  11 hour p e r i o d  

o f  i r r a d i a t i o n ,  which was r e q u i r e d  t o  form P A N .  With 

con t inued  r a d i a t i o n ,  t h e  c o n c e n t r a t i o n  of  P A N  s tays  

c o n s t a n t  f o r  a day ,  and t h e n  decomposes a t  approximate ly  

a c o n s t a n t  r a t e  to an  amount of about  one t h i r d  t h e  

o r i g i n a l  c o n c e n t r a t i o n .  On the  o t h e r  hand, when t h e  

decomposi t ion  i s  done i n  t h e  absence  of  i r r a d i a t i o n ,  t h e  

c o n c e n t r a t i o n  of  PAN d e c r e a s e s  a t  t h e  s t a r t  of t h e  observa-  

t i o n s .  After  n i n e  d a y s ,  P A N  cou ld  no l o n g e r  be d e t e c t e d .  

Conclus ions  

We n o t e  that  a f t e r  the 11 hour  i r r a d i a t i o n  p e r i o d  

NO2 and  some 2- t rans-butene  remain .  These are t h u s  s t i l l  
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available to form more PAN if the irradiation is continued. 

Since, however, the PAN concentration is not observed to 

increase further, we conclude that the decomposition has 

commenced,and the rate of formation and decomposition 

must be approximately the same. After continued irrad- 

iation, the 2-butene supply is exhausted and the rapid 

decomposition of PAN is observed. As the reaction 

proceeds, the reformation of PAN from intermediate 

decomposition products starts. However, this is at a 

rate low enough so that the total concentration of PAN 

continues to decrease, and so the rate of decomposition 

also decreases. In fact, at the end of our experiment 

the rates of PAN reformation and decomposition appeared 

to become the same again, as the concentration stayed 

approximately constant. It actually decreased slightly 

because such side products as methyl nitrate and methanol 

were being formed. 

Since only methyl nitrate was found after decomposition 

in the dark (see Table 2), it is necessary to postulate 

a different reaction mechanism for the irradiated and 

dark reactions. In the dark, the main decomposition 

reaction of PAN is a simple rearrangement: 

CH3 - C - 00 - NO:! -+ CH3 - 0 - NO2 + C02 
11 
0 
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The v a r i e t y  of r e a c t i o n  p roduc t s  a f t e r  t he  prolonged 

i r r a d i a t i o n  i n d i c a t e s  a more compl ica ted  mechanism, 

i n v o l v i n g  r a d i c a l s  a t  v a r i o u s  s t e p s .  One p o s s i b i l i t y  

might  be s i m p l i f i e d  i n  t h e  f o l l o w i n g  way: 

C H 3  - O N 0 2  + C 0 2  

II 
C H 3  - C - 00 - N O 2  t CHB - C *  + -00 - N O 2  

II 
0 

II 
0 

0 2  + N O 2  
C H 3 *  + C 

I( 
CH30H CHI, CHOOH 

M e t h y l  r a d i c a l s  as i n t e r m e d i a t e  r e a c t i o n  p roduc t s  

may lead to methanol  and methane, i n v o l v i n g  H20 o r  r a d i c a l s  

l i k e  H and OH. Formic a c i d  i s  probably  formed o f  carbon 

monoxide i n  the same way. 
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F i g .  1: Schematic  diagram of t h e  long-pa th  i n f r a r e d  c e l l .  
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Fig .  2 :  S p e c t r a l  r a d i a n t  e m i s s i o n  of the Black L igh t  

F luo rescen t  Lamps used.  

5000 3000 4000 
AVELENGTH I NG MS 



Fig. 3: S p e c t r a l  r eg ion  6 . 3  t o  8 . 4 ~ .  



Fig. 4: S p e c t r a l  region 8.4 to 10.11.1. 



Fig. 5: S p e c t r a l  r eg ion  12.3 t o  1 5 . 4 ~ .  
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Fig .  6 :  Spectral r eg ion  1 5 . 0  to 2 0 . 0 ~ .  
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F i g .  8 :  Changes i n  r e l a t i v e  s t r e n g t h  of t h e  8.611 

a b s o r p t i o n  band o f  PAN.  
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F i g .  9 :  Changes i n  r e l a t i v e  s t r e n g t h  o f  t h e  1 2 . 6 1 ~  

a b s o r p t i o n  band of PAN. 


